Global gyrokinetic simulations of ion temperature gradient (ITG) driven turbulence in an ideal MHD ITER equilibrium plasma are performed with the ORB5 code. The noise control and field-aligned Fourier filtering procedures implemented in ORB5 are essential in obtaining numerically healthy results with a reasonable amount of computational effort: typical simulations require 10 9 grid points, 10 9 particles and, despite a particle per cell ratio of unity, achieve a signal to noise ratio larger than 50. As compared with a circular concentric configuration with otherwise similar parameters (same ρ * = 1/720), the effective heat diffusivity is considerably reduced for the ITER MHD equilibrium. A self-organized radial structure appears, with long-lived zonal flows (ZF), modulating turbulence heat transport and resulting in a corrugated temperature gradient profile. The ratio of long-lived ZF to the fluctuating ZF is markedly higher for the ITER MHD equilibrium as compared with circular configurations, thereby producing a more effective ITG turbulence suppression, in spite of a higher linear growth rate. As a result, the nonlinear critical temperature gradient, R/L T crit,NL , is about twice the linear critical temperature gradient, R/L T crit,lin . Moreover, the heat transport stiffness above the nonlinear threshold is considerably reduced as compared with circular cases. Plasma elongation is probably one of the essential causes of this behaviour: indeed, undamped ZF residual levels and geodesic acoustic mode damping are both increasing with elongation. Other possible causes of the difference, such as magnetic shear profile effects, are also investigated.
Introduction
First-principles based simulations of turbulence in magnetically confined plasmas have benefited over recent years from substantial progress [1] on theory and numerical algorithms, which made them particularly suitable for the high-end high performance computing (HPC) platforms available today. This has allowed us to include more and more physics in the codes and to consider fusion reactor real size systems such as ITER. Progress is being made also on the accurate description of realistic background magnetic geometry, which appears to have a significant effect on turbulent transport: for example, it was shown [2] that approximate geometrical models can lead to differences in the predicted heat diffusivity by a factor of 2 for a well-known benchmark case (Cyclone). The Cyclone base case (CBC) parameters [3] were inspired from a series of high confinement discharges in DIII-D that, incidentally, were aiming at finding out the effect of plasma shaping on confinement [4] . Whereas these experiments did evidence a positive effect of increasing elongation, it must be recalled that the CBC benchmark parameters were considering simple circular cross-section plasmas.
The CBC was also the starting point for series of simulations aiming at finding out finite size effects on ion temperature gradient (ITG) driven turbulence, the size parameter being defined as the ratio of ion sound Larmor radius to plasma minor radius ρ * = ρ s /a. These works served also as a benchmark comparison between different global gyrokinetic codes [5, 6] based on different numerical approaches and agreement could be demonstrated [7] . Finite ρ * effects decrease the effective ion heat diffusivity by about 40% for the DIII-D/Cyclone size as compared with the infinite size result.
On the other hand, global gyrokinetic studies on the effects of plasma elongation were also performed in small size systems and showed a substantial reduction in turbulent transport [8] . The main reason for this is to be found in the zonal flow (ZF) dynamics [9] : plasma elongation increases the damping of the oscillatory component of the ZFs-the geodesic acoustic mode (GAM) [10] -and increases the undamped, zero frequency component-the Rosenbluth-Hinton residual [11] . Since steady ZFs are more effective than finite frequency ZFs in suppressing turbulence [12] through their shearing effect, the elongation has the overall effect of reducing turbulenceinduced transport.
In this paper, we show the first global ITG turbulence simulation results of an ITER-size plasma having a magnetic configuration determined as an ideal MHD equilibrium consistent with one of the basic scenarios foreseen for its operation.
For the sake of comparing these ITER simulations with the CBC, we choose two intermediate cases: both have the circular geometry of CBC and the size of ITER, the first one has the same q profile as CBC whereas the other one uses the same q profile as the ITER ideal MHD equilibrium. The aim is to try to separate out the magnetic shear profile effects from the plasma shaping effects.
The rest of the paper is organized as follows: in the next section the physical model and numerical approach are briefly presented. Then, the ITER ideal MHD equilibrium is described and the choice of profile parameters introduced. The main results of turbulence simulations are presented in section 3, with scans in the ITG. Whereas linear results show a unfavourable effect of both the current profile and geometry of ITER (as compared with CBC), the opposite is true for nonlinear results: there is, notably, a much larger difference between the linear and nonlinear critical temperature gradients for the ITER configuration. Also, a much reduced profile stiffness is predicted. Conclusions are summarized in section 4.
Gyrokinetic equations and magnetic configuration
The ORB5 code [13] is a global gyrokinetic code using a PIC δf finite element representation, based on Hahm's equations [14] . It uses a straight-field-line coordinate system, and advanced noise control techniques such as a field-aligned Fourier filter, a ZF preserving Krook-like operator [15] and a coarse graining algorithm [16, 17] . It can include electromagnetic perturbations [18] and collision operators [19, 20] , though in this paper collisionless electrostatic runs are performed.
The background magnetic equilibrium configuration is toroidal axisymmetric. It is obtained from the ideal MHD code CHEASE [21] . An inductive ITER scenario is considered here, with the main parameters B 0 = 5.3 T, R 0 = 6.2 m, a = 2 m, elongation b/a = 1.88, I p = 15 MA. The q profile is shown in figure 1(a) . The cross-section is updown asymmetric, and special care must be taken for particle boundary conditions at the plasma surface: when a marker leaves the surface, it is put back at the same ψ (poloidal flux), at a poloidal angle θ * with the same B but the opposite sign of ∂B/∂θ * (figure 2), thus ensuring that the marker will reenter the plasma (otherwise markers are continuously lost for the simulation, which is detrimental for the signal/noise ratio), while at the same time ensuring conservation of particle energy, magnetic moment and toroidal canonical momentum
where F (ψ) = RB ϕ and ϕ is the toroidal angle. The temperature profiles are shown in figure 1(b) , where the solid line is the result of a transport scenario simulation and the dashed lines show various cases considered for the gyrokinetic ORB5 simulations, for which the temperature gradient is parametrized as:
with . The normalized Larmor radius considered in all simulations is ρ * = 1/720, which would correspond to T e = 10.5 keV at mid-radius for a deuterium plasma. In order to ensure sufficient smoothness of the equilibrium coefficients, the plasma boundary considered in the simulations is taken at 98% of the separatrix flux. In this paper, we do not address the question of edge transport. As can be seen from figure 1(b) for κ T = 0.9, the ORB5 parametrized profiles match the CHEASE profiles well for s 0.92 but are markedly different beyond (the so-called pedestal). We chose T e (s) = T i (s) for all cases shown in this paper. The density profile is parametrized in a similar way, with a coefficient κ n such that η i = 3.1481 is kept constant.
The CBC comparisons were until now performed on simplified circular cross-section magnetic configurations. We use here an approximation, i.e., not a true ideal MHD equilibrium, but keep all geometrical terms consistent, which was shown to be important in order to get quantitatively correct results [2] . The magnetic flux is chosen as circular concentric surfaces defined by dψ/dρ = B 0 ρ/q(ρ), where ρ = r/a, with a specifiedq profile, resulting in q =q/ 1 − ρ 2 /R 2 0 . Figure 1(a) shows the different q profiles used: the Cyclone q profile is defined byq = 0.854 + 2.184ρ
2 . In addition, we consider an intermediate case between Cyclone and ITER, i.e. a circular concentric configuration withq = 1−1.8ρ 2 +4.55ρ 3 resulting in a q profile matching closely that of the ideal MHD ITER equilibrium. We note that the most striking difference between the Cyclone and ITER q profiles is the larger q for 0.4 < s < 0.9. (Note that s = 0.62 corresponds to mid-plasma radius ρ tor = 0.5, having defined ρ tor = √ / a , where is the magnetic toroidal flux and a its edge value.)
For the same value of κ T , different magnetic equilibria result in the same T (s) profiles (and in particular the same T axis /T edge ), but different profiles of the flux surface-averaged normalized logarithmic gradient
where S is the area of the flux surface and V is the volume enclosed by the flux surface. Figure 1 (c) illustrates this for the case κ T = 2.484. We also define a global normalized logarithmic gradient as
where T 0 is the temperature at mid-plasma radius, T ped at the top of the pedestal, which we consider here at the normalized minor radius ρ tor,ped = 0.9, Let f be the distribution function of a plasma species of mass m s , charge q s and φ the electrostatic potential. Let us define the following flux densities:
We then define an 'effective' heat diffusivity χ eff such that
and assume that it is constant on a flux surface. Taking the flux-surface average, we obtain
This definition is used throughout the paper. Numerically, the flux surface averaged fluxes are assembled from equidistant bins in ψ: q H,bin = ψ+ ψ ψ 2π 0 2π 0 q H · ∇ψJ θ * ψϕ dψ dθ * dϕ, where J θ * ψϕ = qR 2 /F is the Jacobian of the straight-field-line coordinate system (θ * , ψ, ϕ). Thus,
The gyro-Bohm unit for the diffusivity is defined as χ GB0 = ρ 2 s0 c s0 /a, with a the minor radius on the equatorial plane, ρ s0 the ion sound Larmor radius and c s0 the ion sound speed with the temperature taken at mid-radius and the magnetic field on axis. For the parameters considered in this paper, χ GB0 = 2.75 m 2 s −1 . To characterize the ZF profiles, we define the flux-surfaceaveraged potential
an effective E × B ZF velocity
and an effective E × B ZF shearing rate [23] 
The gyro-Bohm units for v E×B and ω E×B are c s0 and c s0 /a, respectively.
Simulation results: from Cyclone to ITER
The following numerical parameters are chosen: unless specified otherwise, the number of markers is N p = 10 9 , the 3D grid for the field solver is N s ×N θ * ×N ϕ = 512×2048×1024. Note that we have 10 9 grid points, resulting in 1 particle/cell on average. This would be clearly very low if no field-aligned Fourier filter were applied to the perturbed density: here, we keep poloidal modes m ∈ [nq − m, nq + m], with m = 9: we eliminate modes with parallel wavenumbers larger than k max = B ϕ m/BRq, consistent with gyrokinetic ordering [13] . Moreover, we solve in a toroidal wedge of 1/8 of the full torus, which translates in Fourier space as having only multiples of 8 as toroidal mode numbers. We truncate the Fourier mode numbers at n max = 384. Thus, the number of radial intervals and Fourier modes retained in our simulations is N s (2 m + 1)(n max /8 + 1) = 476 672, resulting in an average number of particles per mode of more than 2000 for N p = 10 9 , ensuring a sufficiently high signal/noise ratio: for all simulations presented in this paper, S/N > 50. For more details on the S/N estimate see [22] . Noise is controlled on long time scales using a Krook operator as described in [15] with a decay rate γ K = 1.752 × 10 −5 i = 0.0126c s0 /a and enforced conservation of ZF residual, particle density and parallel flow. Conservation of energy is not enforced, so this operator acts to relax the temperature profile towards the specified initial profile, maintaining the radial and timeaverage temperature gradients roughly constant on long time scales: our simulations are thus 'gradient-driven', though short variations are allowed, as will be seen in the results presented below. The time step is t = 160 In the frame of the HP2C project the ORB5 code has been further optimized in view of its application to large system sizes requiring large grid numbers such as these. Reorganization of the global communications has resulted in a factor of 2 improvement in wall clock time. The simulations in this paper require 13 s/timestep on 4096 cores of the HELIOS supercomputer. Typically, 7500 timesteps are necessary in order to reach a satisfactory quasi-steady state, thus a full simulation costs about 100 000 core-hours. In gyro-Bohm units the simulation time is about 1700a/c s . A global gyrokinetic simulation with κ T = 3.3 (R/L T global = 11.25) with N p = 2 × 10 19 particles is performed in the ITER ideal MHD equilibrium. Figure 3 (top) shows the contours of χ eff versus radius s and time. After an initial turbulence overshoot starting near s ∼ 0.6-0.7, which is in the region of maximum R/ L T , several bursts (localized features in space and time) and avalanches (observed as oblique features on the figure) occur intermittently, propagating inwards or outwards. Note that the heat flux associated with an avalanche is always outwards, irrespective of the direction of propagation of the avalanche. In addition, long-lived radial structures appear as modulations of the time-average heat transport. Figure 3 (bottom) shows contours of the E × B ZF shearing rate ω E×B (s, t). Clearly, the long-lived structures and avalanches of ω E×B and of χ eff are correlated. Around s ∼ 0.75, avalanches occur with remarkable regularity: as a matter of fact, a rather well-defined frequency can be measured, so this appears as a quasi-coherent mode. The frequency is about equal to half the GAM frequency at that radius. This might suggest some form of parametric decay instability. It should be noted that the direction of propagation of avalanches is outwards in regions of negative time-averaged ZF shearing rate, and inwards in regions of positive timeaveraged ZF shearing rate. This is consistent with the findings of [24] , where background flows were considered; thus, in our simulations the long-lived ZF structures play the same role as background flows in deciding on the avalanche direction of propagation, a feature already observed in [25] . Another feature is prominent: at the time of the early turbulence overshoot, a strong GAM is excited, propagating outwards and being quickly damped. These observations are consistent with the findings of [9] , which in particular showed a strongly enhanced GAM damping due to plasma elongation.
Taking a closer look at the relationship between ZFs and turbulent transport, we show in figure 4(a) the radial profiles of time-averaged ZF shearing rate, ZF velocity, effective heat diffusivity and flux-surface-averaged normalized logarithmic temperature gradient (some quantities are rescaled so that they all appear on the same plot). Local maxima of χ eff correspond accurately and systematically to zero ZF shearing rate positions. This is consistent with the picture of turbulence suppression by sheared flows. A closer inspection shows that this happens only at maxima positions of the ZF velocity, the minima positions of ZF velocity corresponding in fact to minima in χ eff . (Note that maxima in v E×B mean minima in radial ZF electric field, due to our definition in equation (12) .) For s ∼ 0.65, the ZF velocity profile assumes the shape of linked parabolas of negative curvature and thus the ZF shearing rate has a sawtooth-like radial profile. Thus, in the vicinity of minima of ZF velocity the absolute value of the ZF shearing rate is large and turbulence is suppressed, once again consistent with the turbulence-sheared flow picture. Around s = 0.72 the v E×B profile is more V-shaped. Expectedly, maxima positions of χ eff correspond to minima in temperature gradient profile, the enhanced transport in these positions resulting in a local temperature flattening. Another feature is worth mentioning: the avalanches are triggered at positions of zero ZF shearing rate and maximum v E×B (i.e. minimum ZF radial electric field), which correspond to local minima in temperature gradient: a similar finding is reported in [26] . The triggering of avalanches is particularly visible around s = 0.72: figure 3 (bottom) shows that avalanches start there and propagate either outwards, in the radial zone 0.72 < s < 0.8, or inwards, in the zone 0.63 < s < 0.72. The timeaveraged results of figure 4(a) show that the ZF shearing rate is positive in the zone 0.72 < s < 0.8 and negative in the zone 0.63 < s < 0.72, and the ZF velocity has indeed a local maximum at s = 0.72. It is difficult at this point to determine a causality relation between the triggering position of avalanches and the long-lived ZF structure; we merely note that the direction of propagation of avalanches is determined by the sign of the time-averaged ZF shearing rate, consistent with [24] .
We have performed a series of simulations with varying values of κ T . For κ T = 1.95 (R/L T global = 5.81), the timeaveraged profiles of χ eff , ω E×B , v E×B and R/ L T are shown in figure 4(b) . The same qualitative conclusions can be drawn, in particular on the relationship between long-lived ZF structures and heat transport. Quantitatively, the system is close to having completely quenched turbulence, and avalanches and bursts are less frequent.
In order to compare with CBC, we have performed similar gradient scans for circular configurations with the same normalized plasma size 1/ρ * = 720 and the same temperature gradient parametrization (equation (1)), one with the original CBC q profile, the other with a q profile closely matching that of the ITER ideal MHD equilibrium ( figure 1(a) ). The main results of our investigations are reported in figure 5 , showing in continuous lines the effective heat diffusivity χ eff (radially averaged (s ∈ [.4.8]), time-averaged over the last half of the simulations) as a function of the normalized global logarithmic temperature gradient R/L T global . Curves with black squares are for the ITER MHD equilibrium, curves with open circles for the CBC case, curves with '+' for the circular case with ITER-like q profile. In this figure, we plot also in dashed lines the linear growth rates for ITG modes with k θ ρ s ≈ 0.5 at mid-radius. First, we note that going from a circular to an ITER-shaped plasma is linearly destabilizing for small gradients, resulting in a smaller critical gradient, and linearly stabilizing for large gradients. Second, going from the Cyclone q profile to the ITER q profile is linearly destabilizing for all values of the temperature gradient. Second, the most remarkable feature of nonlinear simulation results is the dramatic reduction in heat transport when going from circular to ITER-shaped plasmas. The nonlinear critical temperature gradient, R/L T crit,NL , is about twice the linear critical temperature gradient, R/L T crit,lin . Moreover, the heat transport stiffness, i.e. the increase of effective heat diffusivity above R/L T crit,NL , is considerably reduced as compared with circular cases. The main cause of the difference between circular crosssection and ITER-shaped equilibrium plasmas is to be found in the ZF behaviour: we show in figure 6 striking difference lies in the much less prominent quasi-steady state structures for the circular case. In order to quantify this behaviour, we define two quantities:
where the subscripts s and t indicate averages over radius (s ∈ [. 4 .8] ) and time (the last half of the simulation), respectively. The first quantity is a measure of the total absolute value of the ZF shearing rate activity, while the second quantity is a measure of the quasi-steady ZF shearing rate. One can then define ω
E×B as a measure of the fluctuating part of the ZF shearing rate (due to avalanches, bursts and GAMs). It appears that the main difference between ITER-shaped and circular cases is the ratio of the fluctuating to the steady ZF sharing rates, that ratio being much larger for the ITER-shaped cases. An almost linear proportionality can be seen between the fluctuating part of the ZF shearing rate and the turbulent ion heat diffusivity, as clearly shown in figure 7 . This can be understood as follows: below the upshifted critical gradient the ZFs are strong enough to completely suppress turbulence and thus the system ends in a state with no turbulent transport and purely steady ZFs. For gradients above this value, the ZF shearing rate cannot be sustained at large enough values to completely suppress turbulence, because they become Kelvin-Helmholz unstable [20] . As a consequence they cannot stay purely constant in time, i.e. a fluctuating part appears. Therefore, the turbulent transport is correlated with the fluctuating part of the ZFs.
Comparing the ZF spatio-temporal structures for the ITER and circular cases, figures 3 (bottom) and 6, respectively, another feature emerges: for the circular case, regular ZF oscillations are observed near the edge (0.8 < s < 1) throughout the simulation time. We have verified that these oscillations do have a local frequency in very good agreement with the dispersion relation for GAMs given by equations (49) and (50) of [9] . Except for the initial transient GAM event discussed above, this feature is absent from the ITER simulation. Thus, GAMs are less easily excited by ITG turbulence in elongated plasmas than in circular plasmas.
Considering now the circular plasma with a q profile close to the ITER equilibrium, we can observe in figure 5 , in spite of larger linear growth rates (dotted line with '+') than for the circular Cyclone case (dotted line with open circles), a very similar, even slightly reduced turbulent ion heat transport (solid lines with '+' and circles, respectively). The larger linear growth rates might be attributed to larger peak values of the flux-surface-averaged gradient, figure 1(c) . On the other hand, the larger difference between linear and nonlinear thresholds is an indication of a more effective ZF shear stabilization. In fact, larger fractions of long-lived sheared ZF structures are seen, as compared with the Cyclone case. Also, GAM oscillations (except near the very edge s > 0.95) have a lower amplitude than for the Cyclone case. This is consistent with a stronger GAM damping due to a lower q over most of the plasma crosssection (s < 0.95), figure 1(a).
Conclusion
The main result of this paper is represented in figure 5 : plasma shaping and, to a lesser extent, q profile variations have major repercussions on the turbulent ion heat flux. The implications are very favourable for ITER, with an increase in critical gradient and a drastically reduced profile stiffness. Summing up the results for the three configurations studied, a picture emerges whereby long-lived sheared ZF favours turbulence suppression, whereas the fluctuating part of the sheared ZF is clearly correlated with the turbulent heat transport (figure 7). Moreover, we have shown remarkable examples of turbulent self-organization, with the creation of long-lived parabolic or V-shaped ZF velocity structures (figure 4). One important result from these studies is that linear (or quasilinear) estimates of turbulent transport would lead to not only quantitatively different results, but also qualitatively opposite conclusions from those resulting from a proper nonlinear analysis.
Elongation is tentatively the most important geometrical parameter favourizing turbulence suppression, as found in [8] using ideal MHD equilibria and in [27] using Miller's local equilibrium model [28] . However, the effects of other geometrical parameters should be separately investigated, e.g. plasma triangularity, up-down asymmetry and Shafranov shift [29] . This may provide the fusion research community with tools to optimize plasma confinement through plasma shaping.
This rather optimistic finding for ITER should not be considered as the final answer to the question of turbulent transport in that device.
Several physical effects, not considered in this paper, may change the picture. First, the presence of a trapped electron population reduces the adiabatic response to only the passing electron population, which is known to increase the ITG linear growth rates. Moreover, trapped electron modes (TEM) could be destabilized, in particular once ITGs are stabilized by ZF. First nonlinear TEM results in circular plasmas at low 1/ρ * [30, 31] indicate that TEMs are less effectively suppressed by ZF shearing than ITG. Second, ion-ion collisions are known to damp the ZF, resulting in nonzero turbulent transport in the 'Dimits shift' region [20] . It is unclear whether the long-lived ZF structures will survive in a collisional turbulent simulation [26, 32] . In this context, the question of parallel momentum transport should also be investigated. Third, the heat source considered in this paper is not realistic. Although the avalanches seem qualitatively independent of whether the simulations are gradient-driven or flux-driven [33] , it should be verified in flux-driven simulations [25, 26, 34] whether the 'corrugated' transport pattern [35] subsists on long time scales and, more importantly, if the observed reduction in ion heat transport through plasma elongation is confirmed. Fourth, the nonadiabatic electron response localized in the vicinity of moderational surfaces [36] might have an influence on the radial structures. Fifth, finite β effects, e.g. through the equilibrium Shafranov shift, are known to stabilize ITG modes. Future investigations should consider ideal MHD equilibria consistent with the plasma profiles used for turbulence studies. Finally, the question of turbulent transport in the edge pedestal region, which was not addressed in this paper, should be considered.
